In the present paper we report a summary of the infrared studies on the multi-band Ba(Fe 1− Co ) 2 As 2 pnictide system, devoted to the detection of superconducting gaps in the terahertz region. Generally, results obtained in the superconducting state indicate the presence of two gaps, but univocal results have not been obtained so far. We show that all the literature gap values of the Ba(Fe 1− Co ) 2 As 2 system, when put together as a function of T , show a tendency to cluster along two main curves, thus allowing to describe the seemingly contradictory reports into a unified perspective. Below a temperature around 20 K, the sizes of the two gaps as a function of T seem to have a BCS-like linear behavior, but with different slopes. In particular, the ∆/ B T ratio is compatible with the weak-coupling BCS prediction (1.76) for the large gap, while it is close to 1 for the small gap. For T above 20 K, a clear supra-linear behavior is observed for the large gap. Although not so clear, such a tendency is also observable for the small gap.
Even after five years of intense worldwide research activities on the newly discovered [1] Fe-based superconductors (FeSC), the interest in these systems is far from declining. We briefly recall that different FeSC, i.e. iron pnictides of the 1111 (e.g., SmFeAsO) and 122 (e.g., BaFe 2 As 2 ) families and iron chalcogenides of the 11 (e.g. FeSe) family are characterized by the presence of a common active layer (FeAs in pnictides, FeSe in chalcogenides), intercalated by a spacer layer. This spacer is given by a rare earthoxygen layer in 1111 (e.g., SmO) or by an alkaline earth layer in 122 (e.g., Ba) compounds, while such a layer is absent in compounds of the 11 family [2] . Despite these structural differences, FeSC have electronic band structures remarkably similar, characterized by a well recognized multi-band character. Therefore, the true opportunity offered at the moment by experimental and theoretical studies on FeSC is in providing new clues towards the understanding of high-temperature superconductivity [3] in multi-band systems.
The first question which naturally arises is whether multiple bands give origin to multiple superconducting gaps since the presence of multiple bands crossing the Fermi level does not necessarily imply multi-gap superconductivity, as theoretically discussed since pioneering works (see for example Ref. [4] ). In FeSC, an accurate determination of number, symmetry and size of the superconducting gap(s) is thus highly desirable, since five bands must be considered in describing the electronic properties of the system [5] [6] [7] [8] [9] , although simplified models in which only two bands are considered can capture the essential lowenergy physics of the unconventional superconductivity in these systems [10, 11] .
From the experimental viewpoint, the electronic and superconducting properties of FeSC have been widely investigated through a variety of different experimental techniques, but the observed gaps vary in number, size and symmetry even in the same system. This wide variety of results might be explained by differences in sample quality, disorder, variable doping level. Of particular im-portance are thus compounds of the 122 family [12] in which superconductivity can be achieved both by electron or hole doping, thanks to the possibility to grow highquality single crystals and films, with controlled doping and highly reproducible transport and superconducting properties. However, also in the case of the widely studied electron-doped Ba(Fe 1− Co ) 2 As 2 system (maximum T close to 25 K for close to 0.1), different techniques such as ARPES (angle resolved photoemission spectroscopy) [13, 14] , STS (scanning tunneling spectroscopy) [15] , calorimetery [16] , and PCAR (Point-Contact AndreevReflection) [17] did not provide univocal results.
Also infrared (IR) spectroscopy has been widely employed since this technique can be of particular importance in studying the low-energy electrodynamics of strongly correlated electron systems [18, 19] . In particular, IR studies provided important information on both the electronic properties [20] [21] [22] [23] [24] [25] [26] and the superconducting gaps [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] of the Ba(Fe 1− Co ) 2 As 2 system. Indeed, as evidenced since the pioneering works from Tinkham and collaborators (see for example Ref. [41] ), IR measurements in the terahertz (THz) region can be a powerful tool to detect the superconducting gap(s). However, the reported number of gaps for the Ba(Fe 1− Co ) 2 As 2 system ranges from one to three, with very different sizes [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The aim of the present paper is to provide a summary of literature results, thus trying to shed light on the reasons underlying the observed discrepancies.
It is worth to recall that IR studies are usually aimed at determining the frequency dependent complex conductivityσ (ω) = σ 1 (ω) + σ 2 (ω), which is usually introduced in discussing the low energy electrodynamics of the system [42, 43] and can describe its optical response. Theσ (ω) of an ideal one-band conducting system can be simply described by the Drude model in the normal state, by the BCS Mattis-Bardeen model [43, 44] (possibly generalized by the Zimmermann relations [45] ) in the superconducting state, at least for an isotropic -wave superconductor. We briefly recall that in this case, at T<<T , the optical conductivity σ 1 (ω), i.e. the dissipative part ofσ (ω), abruptly vanishes below a frequency corresponding to twice the superconducting gap ∆, which is the relevant parameter in the Mattis-Bardeen model. A clear mark of the superconducting gap is thus expected in the optical response of the system around the frequency corresponding to 2∆ (optical gap), which typically falls in the THz region. For example, for an ideal BCS superconductor with 2∆/ B T =3.52, if T ∼ 25 K one has 2∆ ∼ 7.5 meV, corresponding to ∼ 61 cm −1 (∼ 1.8 THz).
Also in the case of multi-band systems, measurements in the THz region has proven to be of particular importance in detecting the presence of gaps. In particular, by de- One-band (dotted line) and two-band (solid line) fits to the (6 K)/ N . In the inset of (b), the 6 K model reflectivity ratio is compared with the corresponding model spectrum calculated for the bulk sample (see text). This figure is adapted from Ref. [39] scribing theσ (ω) as the sum of single-band contributions, two gaps have been identified in multi-band systems like MgB 2 [47, 48] and V 3 Si [46] .
From the experimental viewpoint, the ideal sample is a large-size single-crystal which allows standard reflectance measurements with a conventional laboratory equipment. Indeed, owing to the low fluence of a conventional source in the THz region, only an optically flat large surface (at least, few mm 2 ) can give a reliable reflectance spectrum (ω) with a good signal-to-noise ratio. Then, reliable extrapolations of (ω) can be performed to high frequencies and, in particular, down to ω=0. A reliablẽ σ (ω) extending down to very low frequencies can then be obtained through Kramers-Kronig (K-K) transformations [43] . In the optical conductivity σ 1 (ω) it is then possible to identify mark(s) of the superconducting gap(s). We remark that accurate measurements down to very low frequencies are thus essential in obtaining reliable gap values.
We first consider the (ω) measurements performed in the IR region with a conventional laboratory equipment on Ba(Fe 1− Co ) 2 As 2 single crystals [27-32, 34, 38] . We note that, to improve the accuracy of theσ (ω) obtained by K-K transformations, additional ellipsometry measurements were performed in some cases to extend the explored spectral range in the visible region [29, 30] . By properly modelling the optical conductivitiesσ (ω) thus obtained [42] [43] [44] [45] , often by employing a two-band model, value(s) of the superconducting gap(s) have been obtained. In Table 1 , besides the gap values, we also report details on the investigated samples and on the minimum frequency reached in the measurement together with the measurement method.
When film samples are employed, the effect of the substrate needs to be taken into account, which in general prevents the use of K-K transformations. However, the large sample surface allowed standard (ω) measurements down to very low frequencies [33] , in particular by using a continuous wave THz spectrometer [34] or a MachZehnder interferometer, which directly provides σ 1 (ω) and σ 2 (ω) [35] . A further important advantage of film samples is that also transmission measurements are possible when the film thickness is sufficiently small and the substrate is transparent. In this case, THz transmission measurements were performed in a limited spectral range down to 4 cm −1 [36] by using a Mach-Zehnder interferometer. Again in the case of thin films, THz time-domain transmission measurements provided accurate σ 1 (ω) and σ 2 (ω) down to 0.1 THz [37] and to 0.2 THz [38] . The gap values obtained from measurements on film by using proper modelling procedures, which also take into account the effect of the substrate, are reported in Table 1 .
We recently performed measurements on two high quality films grown by pulsed laser deposition at optimal Co doping ( =0.08). A SrTiO 3 intermediate layer was employed to allow epitaxial growth [49] . The thickness d of the first film with T = 22.5 K, grown on a DyScO 3 substrate, was 350 nm. On this film we measured reflectance spectra in the THz region down to 20 cm −1 [39] by using synchrotron radiation at the SISSI beamline [50] of the Elettra synchrotron. To analyze the measured spectra, we modeled theσ (ω) in terms of a given set of parameters as sketched above, and then evaluated the optical response of the film+substrate system by using standard relations accounting for the effect of the substrate [43, 46, 51] . Finally, the model spectrum is fitted to the experimental one to obtain the relevant parameters, in particular the gap value(s). Following a technique successfully adopted in the past (see [41] and references therein), we mostly performed relative measurements, by cycling the temperature without moving the sample. We thus measured the reflect- ance ratios (T)/ N , N being the T = 25 K normal state reflectance. The advantage of this technique, is that all temperature-driven distortions of the optical set-up are already freezed around 30 K, thus making unnecessary reference measurements. The (T)/ N spectra measured at selected temperatures are reported in Fig. 1a . The data analysis we performed first showed that it is necessary to use a two-band model (see Fig. 1b ), and that a superconducting gap opens in both bands. The resulting gap values, also reported in Table 1 , are ∆ A =15.5 cm −1 and ∆ B =55 cm −1 . Note that S / N (where S is (T ) at the mimimum measured temperature) remains nearly constant below the smaller optical gap 2∆ A [36] . If the film thickness is strongly increased in evaluating the model (6 K)/ N , a maximum around 2∆ A becomes evident (see insert in Fig. 1b) , as expected in the case of a bulk sample [43, 44] . The second film we investigated, grown on a LaAlO 3 (LAO) substrate, was 40 nm thick. Such an ultrathin film does not have optimal transport and superconducting properties (T =17.5 K). Furthermore, since very thin films can be unstable, the film was covered by a Pt cap-layer. Nonetheless, LAO is transparent up to about 4 THz at low temperatures [52, 53] , and thus a 40 nm thin film deposited on LAO provides the unique opportunity to combine transmittance and reflectance measurements on the same sample. Measurements were again performed at the SISSI . Typical error bars affecting low frequency data are only reported for the 6.5 K data for sake of clarity. This figure is adapted from Ref. [40] beamline [50] of the Elettra synchrotron, down to 12 cm −1 [40] . The reflectance ratio S / N is reported in Fig. 2a , the transmittance ratio S / N in Fig. 2b . In this case, N and N are the T=20 K normal state transmittance and reflectance, respectively. The maximum evident in the S / N spectrum around 35 cm −1 , accordingly to the BCS Mattis-Bardeen relations [43, 44] , can be unambiguosly attributed to an optical gap around this frequency. We remark that, as already noticed in the past [46] , the effect of the superconducting transition on the transmittance ratio is much larger than on the reflectance ratio. Therefore, the (T)/ N measurement, when possible, can have a key role in a precise determination of the superconducting gap(s). The combined analysis of reflectance and transmittance ratios, further complicated by the presence of the Pt cap layer, showed that, besides the 17 cm gap highlighted by the S / N spectrum, a low energy gap is present around 8 cm −1 [40] , as reported in Table 1 . In order to discuss the apparently contradictory gap values reported in Table 1 , we plot the values of the small (∆ A ) and large (∆ B ) gaps as a function of T , as determined (in the zero-temperature limit) from all the optical measurements we were aware of [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . From this plot, it can be readily observed that the gap values show a tendency to cluster along two main curves (thick dashed lines in Fig. 3 ). The comparison with the weak-coupling [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Red (blue) symbols refer to large (small) gaps. Diamonds (circles) markers are data related to crystals (films). The labels "a" to "n" are respectively from Refs. [29] to [31] . Thick dashed lines (red and blue) are guides to the eye. The dotted blue line corresponds to the expectation from BCS weak coupling ∆/k B T = 1.76, the dotted red line represents ∆/k B T = 1.0. This figure is adapted from Ref. [40] BCS prediction (∆(0)/ B T =1.76, dotted line in Fig. 3) shows that the T dependence of the large gap ∆ B may be compatible with a BCS linear behavior up to about 20 K, while a supra-linear behavior at higher T values becomes evident. As to the small gap ∆ A , a linear behaviour might be hypothesized again up to about 20 K, with a slope ∆ A (0)/ B T = 1.0 (dotted line in Fig. 3 ), much lower than the weak-coupling BCS value. For T above 20 K, a supra-linear behavior is also observable for the small gap.
In discussing the results reported in Fig. 3 , we recall that Hardy et al. [16] , performed an extensive calorimetric study of Ba(Fe 1− Co ) 2 As 2 single-crystals with different Co content (i.e., with different T ), showing the presence of two gaps. Also in this case the large gap exhibits a linear T dependence consistent with the BCS prediction up to 20 K, and the onset of a slight supra-linear behavior above this temperature. As to the small gap, a linear behaviour with ∆/ B T = 0.95 is evidenced, in agreement with the ∆ A (0)/ B T =1.0 reported in Fig. 3 , but without the onset of any supra-linear behaviour above 20 K [16] . In conclusion, both optical and specific heat data demonstrate that in the case of the Ba(Fe 1− Co ) 2 As 2 system the deviations from a BCS linear behavior are not large for compounds with low T ( 20 K), and that an overall weak coupling scenario thus applies. To observe more important deviations from the BCS trend within Fe-based materials, which may be indicative of a weak to strong coupling crossover, one should consider superconductors with even higher T , as in the Ba 1− K Fe 2 As 2 family [16] or within oxypnictides [3] .
